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I. INTRODUCTION
Over the last decades, governments in Sub-Saharan Africa (SSA) have typically laid a substantial tax burden on agriculture, both directly via interventions in agricultural markets and indirectly via overvalued exchange rates and import substitution policies (Thiele 2002) . Since the agricultural sector accounts for a large share of the region's employment and value added, its discrimination is likely to have entailed considerable welfare costs. The extent of these welfare costs can, however, only be guessed as there is no reliable evidence on the aggregate agricultural supply response (e.g. Schiff and Montenegro 1997) and hence no base for assessing how severely resources have been misallocated as a result of the distorted incentives. 1 The objective of this paper is to provide a contribution towards filling the empirical gap. Employing the multivariate cointegration procedure developed by Johansen (1988) , it investigates for ten selected SSA countries the long-run relationship between agricultural production and (direct and indirect) price incentives. Certain non-price factors such as the incidence of drought are included as control variables.
1 Only in the extreme case of perfectly inelastic supply the taxation of agriculture would have had no impact on resource allocation.
The remainder of the paper is structured as follows. Chapter II introduces the data and the methodology used in the econometric analysis, and explains the composition of the country sample. Chapter III discusses the empirical results, comprising tests for the time-series properties of each single variable and estimates of the equilibrium relationships between agricultural production and its potential determinants. The paper closes with some concluding remarks.
II. DATA AND METHODOLOGY

The Variables
Among the data required for the empirical analysis, those for aggregate agricultural supply are most readily available. The FAO yearly calculates a broad agricultural production index based on observations for more than 150
food crops and about 30 export crops. This index has now been compiled for the period 1961 period -2001 period (FAOSTAT 2002 , but the time series used here only comprise the years from 1965 to 1999 so as to be compatible with the data that are provided for other variables.
When it comes to estimating the price elasticity of supply, the real value added price is the most comprehensive price variable as it captures changes in producer 
either policy changes or shifts in exchange rate equilibria which, for example, can come about through technical progress (Edwards 1989) . To isolate the effect of macroeconomic policies, two measures of exchange rate misalignment were chosen as additional indicators: the black market premium (BMP) and a model-based indicator of misalignment. The BMP is simply defined as the ratio of the parallel market to the official exchange rate. It is usually high in the presence of an overvalued exchange rate. The model-based indicator follows Edwards' (1989) distinction between the equilibrium exchange rate that is only affected by real variables such as the terms of trade, and exchange rate disequilibria caused by inappropriate macro policies. The calculation of this indicator for a number of SSA countries is described in Thiele (2002) . Finally, the nominal border price was deflated by the US wholesale price index (IMF 2001) to obtain the real border price.
Apart from the direct and indirect price incentives, there are various non-price factors that affect the agricultural supply response. These factors can roughly be subsumed under four different categories (Mamingi 1997) : physical capital, human capital, technology, and agroclimatic conditions. The first three of them are main target areas of public investment. Government expenditures on physical infrastructure (roads, irrigation facilities), education (schooling, agricultural extension), and agricultural research are supposed to be associated with higher agricultural production. In addition, access to credit and secure land tenure should have a positive impact on output by providing essential preconditions for capital formation. Among the agroclimatic factors, soil quality and the intensity and regularity of rainfall are likely to be most decisive for the supply response.
In deriving appropriate indicators for the empirical analysis from this set of factors, two criteria have to be taken into account: data must exhibit some degree of variance, and they must be available over time. In the area of public investment, only irrigation meets these requirements, whereas indicators of road infrastructure are either highly persistent (e.g. the share of roads that are paved), or follow a negative trend when measured relative to population (e.g. road density). 3 As a consequence, the share of irrigated land in the total area devoted to annual and permanent crops was calculated as a proxy for investment in infrastructure, using data from FAOSTAT (2002) . Time series for land tenure and access to credit, the two key determinants of private agricultural investment, could not be constructed because information turned out to be too sketchy.
Among the different education indicators, adult literacy and the provision of extension services arguably are most closely associated with agricultural production as both help farmers to adopt technical advances such as new seed varieties. Neither of them can be used here. While adult literacy tends to rise monotonously over time and thus lacks variance, only very few countries in SSA report separate extension statistics on a yearly basis. The latter is also true for public expenditures on agricultural research. Instead of this variable, a simple time trend will serve as a crude proxy for technical progress in the empirical analysis.
Finally, given that soil quality appears to be rather stable over time, despite the degradation that can be observed in various places, rainfall was chosen to represent agroclimatic conditions. 4 It was approximated by a dummy variable to which a value of 1 was assigned if a significant shortage of rain unfavorably affected agricultural production in a particular year, and a 0 otherwise. Such a dummy variable, which mainly captures short-run fluctuations of output, is to be prefered over data showing annual rainfall because the latter fail to consider seasonal and regional characteristics. Delayed rain in a particular year, for example, might lead to a bad harvest even if the overall quantity of rainfall is normal. The information required to create the dummy variable was collected from various national sources for the period 1965-79, and taken from the World Bank (2002) for the period 1980-99.
The Country Sample
The choice of countries for the empirical analysis was guided by three basic principles. First, and foremost, it was attempted to cover a wide range of geographical zones with varying natural conditions for growing crops. Second, countries that experienced regime shifts during the period under consideration were preferably chosen as only sustained policy changes are likely to bring about a significant long-run response of agricultural supply. Finally, some countries, notably those that went through longer phases of civil war, were excluded from the analysis because of severe data limitations. The resulting sample comprises ten countries from four different regions:
Burkina Faso and Niger represent the Sahel Zone, a drought-prone region,
where millet and sorghum are the main food crops, and cotton is the main cash crop. In both countries, the taxation of cotton and the degree of macroeconomic distortions has been reduced in the 1980s and 1990s (Thiele 2002 With such a diverse country sample, one objective of this paper is to reveal whether there are common patterns of supply response across SSA, or whether country or region specific features prevail.
The Estimation Method
Most of the few existing empirical studies on the aggregate agricultural supply response have applied the so-called Nerlove-method (Nerlove 1979) . This method involves the estimation of a partial adjustment model of agricultural production for a particular country. The overwhelming majority of the regression analyses along these lines obtains low, or even zero, long-run price elasticities of agricultural supply. The widely-cited paper by Bond (1983) constitutes an illustrative example. She estimates a significantly positive longterm supply elasticity for only two out of nine SSA countries examined, and even for those two countries -Ghana and Kenya -the elasticity values are as low as 0.23 and 0.16, respectively. It has to be taken into account, however, that these estimates are likely to be downward-biased as the Nerlove-method specifies the dynamics of supply in a very restrictive way.
As a response to the limitations of the partial adjustment framework, two different directions can be taken. 5 One option is to estimate the supply elasticity for a cross-section of countries rather than for single countries over time. The other option, which will be pursued here, is to use more sophisticated time-series techniques. Basically, two such techniques are available: dynamic general equilibrium models and cointegration analyses. A distinctive advantage of dynamic general equilibrium models is that they explicitly consider factor movements and technology adoption, two important channels through which agricultural expansion may occur (e.g. Coeymans, Mundlak 1993) . This advantage has to be weighed against one serious disadvantage, namely the high requirements in terms of data and modeling effort. Given the notorious data problems in much of SSA, the cointegration approach appears to be more promising than dynamic general equilibrium models.
Conducting a cointegration analysis is a straightforward way to overcome the restrictive dynamic specification of the Nerlove model. This method does not impose any restrictions on the short-run behavior of variables. It only requires a stable long-run equilibrium relationship, which formally implies that there exists a linear combination of variables that is stationary even though each single variable may be non-stationary. To test for cointegration, two main approaches have been developed: one involves the estimation of a static model where all variables enter in levels (Engle and Granger 1987) , the other the estimation of an error correction model (Johansen 1988) . While the Johansen procedure is somewhat more difficult to apply, it is to be prefered over the Engle-Granger approach for two major reasons. First, in the multivariate case considered here, it avoids the identification problems one may encounter with the Engle-Granger approach if there is more than one co-integrating vector.
Second, the Dickey-Fuller test employed to test for cointegration in Engle-
Granger regressions too often rejects the existence of equilibrium relationships (Kremers et al. 1992 ).
The Johansen procedure is based on the maximum likelihood estimation of the error correction model
where X denotes the vector of endogenous variables, 6 Γ i the matrix of short-run coefficients, Π the matrix of long-run coefficients, δ the vector of coefficients of the linear deterministic time trend, θ the vector of coefficients of the drought dummy, and u t the vector of independently normally distributed errors.
The matrix Π contains the co-integrating vectors and a set of so-called loading vectors which determine the weight of the co-integrating vectors in each single equation. By means of a normalization, the co-integrating vectors can be identified from the estimated Π matrix. To determine the number of cointegrating relationships r, the Johansen procedure provides two likelihood ratio tests: the trace and the maximum eigenvalue test. The trace statistic tests the null hypothesis of r co-integrating relations against the alternative of k co-integrating relations, where k is the number of endogenous variables, for r = 0, 1, ..., k -1.
It is computed as
The maximum eigenvalue statistic tests the null hypothesis of r cointegrating vectors against the alternative of r + 1 co-integrating vectors. It is computed as (4) (
).
III. EMPIRICAL RESULTS
The first step in the empirical analysis is to identify the order of integration of each single time series. Only if the variables are integrated of the same order (usually of the order 1, denoted as I (1)), a linear combination of them may be stationary.
Tests for the Order of Integration
The order of integration equals the number of unit roots a series contains, or the number of differencing operations it takes to make the series stationary. (5), the PP test makes a correction to the t-statistic of the γ coefficient to account for the serial correlation in ε (Phillips and Perron 1988) .
Unit root test results are given in Table 1 . The reported statistics are confined to the DF (ADF) approach in levels, because in most instances the DF (ADF) and
the PP test led to the same conclusions, and because integration of higher order, which requires a test in differences, was only detected in one single case (the real exchange rate in Zimbabwe is I(2)). For most series, the null hypothesis of a unit root could not be rejeced at the 5 percent level. Being I(1), these variables can be fed into a cointegration regression. In Niger, Zambia and Zimbabwe, however, agricultural production and some of its potential determinants seem to follow a stationary process. Hence, for these countries one has to perform a Source: Own estimations based on the data described in Chapter II.
regression in levels instead of a cointegration analysis. Given the tendency of the unit root tests to be somewhat biased against rejecting the null hypothesis, the same might also be true for Tansania where test statistics for production and the real price are close to the critical value.
Tests for Cointegration
The cointegration analysis discussed in this section focusses on the long-run relationship between variables and leaves out the short-run dynamics of supply which are jointly estimated in the error-correction framework (see equation (3)).
Results of the analysis are reported in Tables 2 and 3 . Table 2 displays the trace and maximum eigenvalue tests. Niger, Zambia, and Zimbabwe are not included in this table because in these countries agricultural production does not contain a unit root. Table 3 lists the cointegrating vectors, covering all cases where at least one of the test statistics turned out to be significant at the 5 percent level. In addition, regressions in levels are presented for Niger, Zambia and Zimbabwe. a Critical values at the 5 percent level are given in brackets. A ' * ' indicates support for cointegration. Since in no case two or more co-integrating vectors were detected, only the statistics for r = 1 are reported.
Source: Own estimates based on the data described in Chapter II. Since agricultural production and some of its potential determinants turned out to follow a stationary process, a model in levels was estimated.
Source: Own calculations based on the data described in Chapter II.
Since production, prices, and macroeconomic variables are given in 
IV. CONCLUDING REMARKS
Using Johansen's cointegration procedure, this paper has estimated the long-run relationship between agricultural production, direct and indirect price incentives, and non-price factors, for ten selected SSA countries over the period 1965-99.
Two basic results of the analysis stand out. First, estimated supply elasticities tend to be well below unity, but they appear to be high enough to imply that the remaining discrimination against agriculture in SSA entails substantial welfare costs, thus indicating the need of further agricultural and macroeconomic reforms. Second, among the non-price factors, the coefficient of the time trend points towards low productivity growth in all but one sample countries, while a dummy variable shows that the agricultural growth of six countries has been impaired significantly by drought episodes. If one combines these results with the recent finding by Voortman et al. (2000) that SSA might experience some sort of Green Revolution if agricultural research was carefully tailored to local conditions, there seems to be a rationale for intensified international cooperation that aims, for example, at the development of more droughtresistant seed varieties.
Another important feature of the empirical analysis is that in a number of cases no long-run relationship could be detected. This result may, of course, reflect the absence of a supply response, but it may as well be due to two methodological problems encountered here, namely the relatively low power of the cointegration tests in small samples, and the rarity of marked regime shifts throughout SSA. In future research, the first problem may be resolved at least partly by applying a cointegration analysis with panel data as it has been demonstrated recently that the use of panel data increases the power of cointegration tests compared to pure time series (e.g. Rapach 2002) . As for the persistence of variables over time, the only promising alternative is to carry out cross-country studies. Since not only price incentives but also institutional factors such as road infrastructure and educational attainment vary substantially between countries, both are well-suited to be integrated into cross-country regressions. It has to be kept in mind, however, that cross-country regressions face their own problems, most notably the biased estimators resulting from unobserved country characteristics.
